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The protein C receptor (PROCR) has emerged as a stem cell
marker in several normal tissues and has also been implicated in
tumor progression. However, the functional role of PROCR
and the signaling mechanisms downstream of PROCR remain
poorly understood. Here, we dissected the PROCR signaling
pathways in breast cancer cells. Combining protein array,
knockdown, and overexpression methods, we found that
PROCR concomitantly activates multiple pathways. We also
noted that PROCR-dependent ERK and PI3k–Akt–mTOR sig-
naling pathways proceed through Src kinase and transactivation
of insulin-like growth factor 1 receptor (IGF-1R). These path-
way activities led to the accumulation of c-Myc and cyclin D1.
On the other hand, PROCR-dependent RhoA–ROCK–p38
signaling relied on coagulation factor II thrombin receptor
(F2R). We confirmed these findings in primary cells isolated
from triple-negative breast cancer– derived xenografts (PDX)
that have high expression of PROCR. To the best our knowl-
edge, this is the first comprehensive study of PROCR signal-
ing in breast cancer cells, and its findings also shed light on
the molecular mechanisms of PROCR in stem cells in normal
tissue.

The protein C receptor (PROCR)3 has emerged as a stem cell
marker in several tissues, including the mammary gland (1),
hematopoietic system (2–5), and vascular endothelial cells (6).
Besides being a surface marker, its signaling mechanisms in the

stem cells are unknown. PROCR has also been implicated in
tumor progression. However, there is conflicting evidence on
the mechanisms of action of PROCR. It has been reported that
PROCR promotes tumor growth (7–9), but it has also been
suggested that PROCR inhibits tumor progression (10). Hence,
the functional roles as well as the signaling pathways of PROCR
in cancer cells are also poorly understood.

PROCR is a single-pass transmembrane receptor, and is best
known for its expression on vascular cells and its anticoagula-
tion activity (11). PROCR activates its ligand, a protease precur-
sor protein C (PROC), to become active PROC, which is then
dissociated from PROCR and exerts anticoagulation effect
directly via inactivation of Factor Va and Factor VIIIa (reviewed
in Refs. 12, 13).

There is evidence that PROCR activates intracellular signal-
ing, resulting in cytoprotective effects in endothelial cells,
monocyte, keratinocyte, and intestinal epithelial cells (14 –18).
It is widely accepted that the central event of PROCR intracel-
lular signaling is the activation of a G protein– coupled receptor
(GPCR), coagulation factor II thrombin receptor (F2R; also
called protease-activated receptor-1, PAR-1) (19). active PROC
uses PROCR as a co-receptor for the cleavage of F2R, enabling
F2R to activate downstream signaling events (reviewed in
Refs. 12, 13). The PROCR–F2R axis has been shown to increase
endothelial cell barrier function, survival, proliferation or
migration through activation of the mitogen-activated pro-
tein kinase (MAPK), phosphatidylinositol-3 kinase (PI3K),
or endothelial nitric oxide synthase (eNOS) pathways or
through inhibition of p53 (20 –23). There are limited data
on PROCR-induced signal transduction in non-endothelial
cells. In lymphocytes, epithermal keratinocytes, and breast
cancer epithelial cells, it has been reported that active
PROC–PROCR–F2R can stimulate the MAPK pathway via
activation of epidermal growth factor receptor (EGFR) (17,
24, 25).

In this study, we utilized breast cancer cell lines and patient-
derived xenograft (PDX) tumor cells to investigate the signaling
pathways of PROCR in breast cancer cells. The results described
here provide evidence that PROCR induces the activation of
ERK, PI3K–Akt, and RhoA signaling. Distinct from previous
reports, the PROCR-dependent ERK and PI3K–Akt activities
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in breast cancer cells are not via F2R and EGFR, instead they are
through Src and IGF-1R activation.

Results

PROCR activates ERK, PI3K–Akt–mTOR, and RhoA–ROCK
pathways in TNBC cells

We found that PROCR is differentially expressed in breast
cancer cell lines. PROCR expression is more prevalent in triple-
negative breast cancer (TNBC) cells compared with ER�/PR�
(estrogen receptor–positive, progesterone receptor–positive)
and HER2� cells that we examined (Fig. S1). Within TNBC,
MDA-MB-231, Hs 578T, HCC38, CAL51, and HCC1806 cells
exhibited higher PROCR expression level compared with
other lines (MDA-MB-468, BT549, MDA-MB-436, HCC1937,
HCC1599, HCC2157), ER�/PR� lines, and HER� lines

(Fig. S1). To dissect the intracellular pathways that PROCR acti-
vates, we performed a phosphokinase antibody array using
lysates of MDA-MB-231 cells (a PROCR– high TNBC line) har-
vested at 48 h post lentiviral infection. PROCR silencing with
shRNA (shPROCR) led to inhibition of the phosphorylation of
several kinases, including p38� (Thr-180/Tyr-182), ERK (Thr-
202/Tyr-204, Thr-221/Tyr-223), Src (Tyr-419), Ampka1 (Thr-
183), CREB (Ser-133), S6K (Thr-389), and Wnk1 (Thr-60) (Fig.
1a). We investigated whether inhibition of PROCR affects
MAPK signaling (in view of the down-regulation of pSrc and
pERK), PI3K–Akt–mTOR signaling (given the observed down-
regulation of pCREB and pS6K), and RhoA–ROCK signaling
cascades (given the down-regulation of p38�), which are key
signaling pathways in breast cancer (26). Western blot analysis
with two distinct shRNAs targeting PROCR confirmed the

Figure 1. PROCR activates ERK, PI3K–Akt–mTOR, and RhoA–ROCK signaling pathways in breast cancer cells. a, illustration and representing image of
phosphokinase antibody array using lysates of MDA-MB-231 cells with scramble control and PROCR-shRNA (Sh2). Seven proteins with most evident down-
regulation following PROCR knockdown are indicated. b, Western blot showing down-regulation of ERK, PI3K–Akt–mTOR, and RhoA–ROCK pathway activities
in MDA-MB-231 cells with PROCR-shRNA (Sh1 and Sh2) knockdown. Tubulin was used as loading controls. c, Western blot showing differential activities of ERK,
PI3K–Akt–mTOR, and RhoA–ROCK pathway in PROCR– high TNBC cell lines (MDA-MB-231, Hs 578T) and PROCR–low TNBC cell lines (MDA-MB-468, BT549).
Tubulin was used as loading control. Western blots in the same panel are from the same batch of cells using the same loadings, thus only one loading control
is shown at the end of the panel. For a better illustration, they are shown as three separated columns representing ERK, Akt, and RhoA pathway, respectively.
Each Western blot analyses was repeated for three times or more.
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down-regulation of pSrc (Tyr-416) and pERK (Thr-202/Tyr-
204), and further revealed reduced levels of pMEK (Ser-217/
Ser-221), indicating a reduced ERK signaling activity (Fig. 1b).
In addition, Western blot analysis confirmed that pAkt (Ser-
473) level and the indicator of Akt activity such as pGSK3�
(Ser-21/Ser-9) were also decreased upon PROCR silencing (Fig.
1b). Further downstream, the activity of mTOR1 signaling was
also suppressed, as seen by reduced levels of pS6K (Thr-389),
and decreased protein levels of c-Myc and cyclin D1 (Fig. 1b).
These results indicated that PI3K–Akt–mTOR signaling
activity is reduced upon PROCR inhibition. Moreover, the
decreased RhoA, ROCK2, and p-p38� (Thr-180/Tyr-182) lev-
els were detected when PROCR was inhibited (Fig. 1b). These
data suggest that PROCR induces the activation of ERK, PI3K–
Akt–mTOR, and RhoA–ROCK signal cascades in MDA-MB-
231 cells.

Next, we chose another PROCR– high TNBC line, Hs 578T,
and confirmed the down-regulation of these pathway activities
upon PROCR knockdown (Fig. S1b). The association of PROCR
expression with the activities of the three pathways was further
compared between the PROCR– high TNBC lines (MDA-MB-
231 and Hs 578T) and PROCR–low TNBC lines (MDA-MB-
468 and BT549). Western blot analysis validated their PROCR
level status (Fig. 1c). Indeed, all three pathways were activated
in both PROCR– high TNBC lines, MDA-MB-231, and Hs
578T (Fig. 1c). In contrast, in both PROCR–low TNBC lines, no
concomitant activation of the three pathways was observed
(Fig. 1c). Of note, PI3K–Akt–mTOR pathway activation in
MDA-MB-468 is likely because of the known EGFR amplifica-
tion in this line (27). In BT549, all three pathways were in low
activities (Fig. 1c). Overall, these results support our model that
PROCR activates ERK, PI3K–Akt–mTOR and RhoA–ROCK
signaling cascades in PROCR– high TNBC cells.

Validating ERK, PI3K–Akt–mTOR, and RhoA–ROCK signaling
activities in PDX cells

Next we investigated the signaling activities in PROCR� cells
in tumors. We used patient-derived xenograft TNBC cells
with high expression of PROCR (Fig. 2a). To properly isolate
PROCR� and PROCR� cells, we looked for an antibody effec-
tive for fluorescence-associated cell sorter (FACS). We found
that clone RCR-227 can accurately distinguish PROCR� and
PROCR� cells by FACS, whereas clone RCR-252 cannot. The
comparisons were using both MDA-MB-231 cells and TNBC
PDX-1 tumor cells. First, in MDA-MB-231 cells, consistent
with previous studies (9, 28), RCR-252 antibody detected a
small portion (18.1%) of PROCR� cells by FACS (Fig. 2b). How-
ever, the isolated cells displayed no differential expression of
PROCR by quantitative polymerase chain reaction (qPCR)
analysis (Fig. 2c), suggesting an inaccurate separation of
PROCR� and PROCR� cells using this antibody. In contrast,
FACS analysis using RCR-227 showed that almost all MDA-
MB-231 cells (98.3%) are PROCR� (Fig. 2b), suggesting RCR-
227 is a more potent antibody in this assay compared with RCR-
252. The comparison of the two antibodies was further carried
out using freshly dissociated cells from PROCR– high TNBC
PDX-1. RCR-252 was ineffective in recognizing PROCR� cells
by FACS (Fig. 2d), whereas FCAS analysis using RCR-227

established that 48.7% of the PDX-1 cells are PROCR� (Figs. 2d
and 3a). Western blot analysis of PROCR protein levels con-
firmed the correct isolation using RCR-227 (Fig. 2e).

Upon proper isolation of PROCR� and PROCR� cells, the
signaling activities of the three pathways (ERK, PI3K–Akt, and
RhoA) were examined. Western blot analyses showed that
PROCR� tumor cells exhibit markedly more robust signaling
activities in all three pathways compared with PROCR� tumor
cells (Fig. 3b). PROCR� cells also had distinctly higher expres-
sion of c-Myc and cyclin D1 compared with PROCR� cells (Fig.
3b). Consistent results were observed using an additional
TNBC PDX sample (PDX-2) (Fig. 3c). These data reinforce that
ERK, PI3K–Akt–mTOR, and RhoA–ROCK–p38 signal cas-
cades are intracellular effectors of PROCR in breast cancer
cells.

PROCR activates RhoA–ROCK–p38 signaling via F2R

Next, we investigated the cell surface components through
which PROCR activates downstream signaling. We established
a PROCR overexpression system that can activate its down-
stream signaling. In a PROCR–low TNBC cell line BT549,
which has low baseline activities of the three above signaling
pathways, we employed the CRISPR interference system to
activate endogenous PROCR expression (29). BT549 cells were
virally infected with dCas9-VP64 and sgRNA (sgPROCR) (Fig.
4a). Enhancement of PROCR expression is confirmed using
this system (Fig. 4b). ERK, PI3K–Akt–mTOR signaling, and
RhoA–ROCK signal cascades were all up-regulated upon
PROCR overexpression, including accumulation of c-Myc and
cyclin D1 (Fig. 4b). Change of cell shape was also associated
with PROCR overexpression: BT549 cells with enhanced
PROCR expression became more elongated compared with the
control (Fig. 4c). In this overexpression system, we interrogated
which surface effectors are required for PROCR-dependent sig-
naling. Previous studies have reported that the G protein–
coupled receptor, F2R, is central for the cytoprotective activity
of PROCR in various cell types. Thus, we examined whether
F2R is required for PROCR signaling in breast cancer cells. Two
F2R shRNAs were generated and their knockdown efficacies
were confirmed (Fig. 4d). Interestingly, knockdown of F2R only
attenuated RhoA–ROCK and p38 signaling induced by PROCR
overexpression, leaving the other two pathways (ERK and
PI3K–Akt–mTOR) unaffected (Fig. 4d). These results suggest
that RhoA–ROCK–p38 signaling induced by PROCR is depen-
dent on F2R, whereas ERK and PI3K–Akt–mTOR activation is
dependent on other surface effectors, not F2R.

It is noteworthy that using the CRISPR interference system
to activate endogenous PROCR expression is a powerful means
to activate its downstream signaling, not only in BT549 cell line,
but also in PDX tumor cells. We found that restoration of
PROCR in PROCR-negative PDX-1 cells potently enhances the
activities of the three signaling pathways (Fig. 4e).

PROCR engages IGF-1R for the activation of ERK and
PI3K–Akt–mTOR pathways

Because PROCR-dependent ERK and PI3K–Akt–mTOR
signal activation does not involve F2R, we asked whether they
rely on receptor tyrosine kinases (RTKs). To identify potential
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RTK candidates, we performed a RTK antibody array using
lysates of PROCR� cells and PROCR� cells isolated from
PROCR– high TNBC PDX tumor. Higher activities of IGF-1R,
Axl, RYK, and EGFR were apparent in PROCR� cells (Fig. 5a).
Therefore, we tested their requirement for ERK and PI3K–
Akt–mTOR signals induced by PROCR overexpression. Suc-
cessful knockdown of IGF-1R or EGFR expression by shRNA
was validated by Western blot analysis (Fig. 5b). Strikingly,
knockdown of IGF-1R exhibited significantly reduced ERK and
PI3K–Akt–mTOR signaling, whereas RhoA–ROCK signaling
was unchanged (Fig. 5c). These results were further confirmed
using an additional shRNA targeting IGF-1R (Fig. 5d). In con-
trast, knockdown of EGFR by shRNA affected none of the three
signal cascades induced by PROCR (Fig. 5c). Similarly, knock-
down of Axl and RYK had no effect on the three signal cascades
induced by PROCR (data not shown). We reasoned that the

increased activity of EGFR, Axl, and RYK in PROCR� cells is
likely a correlation or consequence, and they do not mediate the
actions of PROCR in activating the three intracellular signals.
These data suggest that IGF-1R is the key RTK for the stimula-
tion of ERK and PI3K–Akt–mTOR signals in these cells.

PROCR engages Src kinase to transactivate IGF-1R

Interestingly, in PROCR overexpression background, knock-
down of IGF-1R did not affect the level of pSrc, implying that
Src activation is upstream of IGF-1R (Fig. 5, c and d). To further
investigate this, we inhibited Src using KX2–391. Inhibition of
Src resulted in attenuation of IGF-1R (Fig. 6a), supporting the
idea that Src is upstream of IGF-1R for its transactivation. Con-
sistently, Src inhibition led to reduced activities of ERK and
PI3k–Akt–mTOR pathways, but did not affect the RhoA–
ROCK pathway (Fig. 6a), in line with the notion that Src is

Figure 2. Validate PROCR antibody for flow cytometry. a, immunohistochemistry (IHC) indicating that the breast cancer PDX-1 sample is ER-, PR-, HER2-, and
PROCR-high. Scale bars represent 100 �m. b, FACS analysis of MDA-MB-231 cells using two distinct monoclonal antibodies of PROCR. RCR-252 (BD Pharmingen,
cat. no. 557950) only detects 18.1% of cells are positive for PROCR, whereas RCR-227 (eBioscience, cat. no. 17-2018-42) indicates 98.3% of cells are positive for
PROCR. c, qPCR analysis indicating no significant difference of PROCR expression levels between isolated PROCR�/� cells using RCR-252. Data are presented as
mean � S.E. d, FACS analysis of PDX cells using the two PROCR antibodies. Analysis with RCR-252 was not able to detect cells that are positive for PROCR,
whereas analysis with RCR-227 indicates 48.7% of cells are positive for PROCR. e, Western analysis indicating obvious higher level of PROCR in isolated PROCR�

cells compared with PROCR� cells, confirming the correct isolation using RCR-227 antibody. Each experiments was repeated for three times or more.
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upstream of IGF-1R. In addition, inhibition of Src also attenu-
ated EGFR–Tyr-845 activity (Fig. 6a), consistent with the idea
that increased EGFR activity in PROCR� cells is a consequence
of Src activation. It has been established that Src can phosphor-
ylate EGFR at Tyr-845 (30). Indeed, we found that inhibition of
PROCR only attenuates EGFR activity at Tyr-845, but not
other sites (Tyr-1068, Tyr-1173) (Fig. 6b). These results fur-
ther supported that increased EGFR activity in PROCR�

cells is a consequence of Src activation, and EGFR itself is not
the key RTK involved in the PROCR signaling relay (illus-
trated in Fig. 6c).

Next, we address whether IGF-1R activation (Tyr-1135, Tyr-
1136) induced by PROCR-Src axis depends on IGF-1. To this
end, an IGF-1 neutralizing antibody that inhibits its interaction
with IGF-1R was incubated with BT549 cells in PROCR over-
expression background. We found that the antibody inhibits
neither the increased IGF-1R activity nor the increased MEK–
ERK and PI3K–Akt activities induced by ectopic PROCR
expression (BT549 OE-PROCR) (Fig. 6d). The efficacy of the
antibody was demonstrated in another experiment with MDA-
MB-231 cells, in which the antibody in the same concentration
(12 �g/ml) and incubation duration (2 h) was sufficient to
inhibit the endogenous IGF-1R activity (Fig. 6e). It is likely that
in the in vitro setting, endogenous IGF-1R activity in MDA-
MB-231 cells is jointly regulated by the endogenous PROCR-
Src axis and serum IGF-1. Together, these data suggest that
PROCR engages Src to transactivate IGF-1R and other RTKs,
and this PROCR–Src–IGF-1R axis is independent of IGF-1.

Protein C serves as the ligand for the activation of PROCR
intracellular signaling in breast cancer cells

To investigate whether the activation of PROCR intracellular
signaling in breast cancer cells requires a ligand, we utilized
soluble PROCR (sPROCR, extracellular domain of PROCR)
that can compete with the membrane form of PROCR (31).
Addition of sPROCR in MDA-MB-231 culture resulted in
decreased proliferation, accompanied by cell shape changes.
The spindle-shaped morphology of MDA-MB-231 was altered
to become more spherical (Fig. 7a). Similar effects on cell pro-
liferation and morphology were observed when PROCR was
knocked down by shRNA (data not shown). These results sug-
gest that the extracellular domain of PROCR that facilitates
ligand binding is important for its function in breast cancer
cells. Protein C, a coagulation protease, is a well-established
ligand in endothelial cells for anticoagulation, anti-inflamma-
tion, and cytoprotective activities of PROCR (14, 15, 19, 32–34).
To address the possibility that the same ligand binds to PROCR
in breast cancer cells, we generated the protease dead form
of PROC (PROC-DN, dominant negative form). Addition of
PROC-DN led to decreased proliferation and similar morpho-
logical changes in MDA-MB-231 cells (Fig. 7b). Importantly,
the activities of the three intracellular signals of PROCR were
blocked in the presence of PROC-DN (Fig. 7c). Moreover, incu-
bation with active protein C provided direct evidence. Addition
of active PROC potently enhanced the three PROCR-depen-
dent intracellular signals (Fig. 7d). These data suggest that
PROC serves as the ligand for PROCR in breast cancer cells.

Figure 3. Validate PROCR-dependent signal activities in human breast cancer PDX. a, illustration of isolation of PROCR� and PROCR� tumor epithelial cells
in TNBC PDX. FACS analysis of PDX cells using PROCR antibody (clone RCR-227) indicating that 86.9% of cells are EpCam� epithelial cells. Within EpCam� cells,
48.7% of cells are positive for PROCR. b and c, Western blot showing differential activities of ERK, PI3K–Akt–mTOR, and RhoA–ROCK pathway in PROCR� and
PROCR� cells isolated from PROCR� TNBC PDX-1 (b) and PDX-2 (c) tumor. Tubulin was used as loading control. Western blots in the same panel are from the
same batch of cells using the same loadings, thus only one loading control is shown at the end of the panel. For a better illustration, they are shown as three
separated columns representing ERK, Akt, and RhoA pathway, respectively. Each experiment was repeated three times or more.
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Figure 4. F2R mediates the activation of RhoA pathway by PROCR, not the activation of ERK and PI3K–Akt–mTOR pathways. a, illustration of activating
endogenous PROCR expression using CRISPR interference system, through viral infection with dCas9-VP64 and sgPROCR. b, Western blot indicating that ERK,
PI3K–Akt–mTOR, and RhoA–ROCK signaling activities are all up-regulated as a consequence of PROCR overexpression in BT549 cells using the system in (a),
including increased c-Myc and cyclin D1 levels. c, overexpression of PROCR in BT549 cells induces change of cell shape as visualized by phase contrast. Scale bars
represent 20 �m. d, Western blot showing that in BT549 cells with PROCR overexpression, knockdown of F2R by two independent shRNAs (Sh1 or Sh2)
attenuates F2R level and RhoA–ROCK signaling, whereas it is ineffective to ERK and PI3K–Akt–mTOR pathways. e, Western blot indicating that ERK, PI3K–Akt–
mTOR, and RhoA–ROCK signaling activities are all up-regulated in isolated PROCR-neg PDX-1 cells as a consequence of PROCR overexpression, including
increased c-Myc and cyclin D1 levels. Western blots in the same panel are from the same batch of cells using the same loadings, thus only one loading control
is shown at the end of the panel. For a better illustration, they are shown as three separated columns representing ERK, Akt, and RhoA pathways, respectively.
Each experiment was repeated three times or more.
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Blockage of PROCR intracellular signal impedes clonogenicity
of breast cancer cells

To investigate whether PROCR function through these
intracellular signals to regulate stemness, we performed in vitro
colony formation assays as described previously (35). Cells iso-
lated from PDX-1 sample were plated in 3D Matrigel culture
and their colony-forming abilities were examined upon inhibi-
tion of PROCR or its downstream signals studied. We found
that the colonies occurred at a ratio of one colony per two PDX
epithelial cells plated, in line with the notion that about 50% of
PDX cells are PROCR� (Fig. 3a). Knockdown of PROCR com-
pletely blocked the colony formation (Fig. 8a, c, and d). Inhibi-
tion of F2R by sch79797, or inhibition of Src by KX2–391 par-
tially blocked the colony formation shown by decreased colony
formation rate and colony sizes, whereas joint inhibition of F2R
and Src delivered strongest effects and completely blocked the
colony formation (Fig. 8, b–d). These data suggest that the three

downstream signals of PROCR are functionally important for
the stem cell activities in breast cancer cells.

Discussion

PROCR has been implicated in tumor progression and is an
important surface marker for normal stem cells in several
tissues. However, the signaling mechanism of PROCR had
remained elusive. In the present study, we investigated PROCR
signaling mechanism in breast cancer cells. We revealed that
PROCR induces the activation of ERK and PI3K–Akt–mTOR
signal through transactivation of IGF-1R by Src and concomi-
tantly stimulates RhoA–ROCK–p38 signals through F2R (illus-
trated in Fig. 8e). These findings were further validated in
PROCR� cells and PROCR� cells isolated from PDX tumors.

In this study we found that F2R does not account for all
PROCR activities in breast cancer cells, which is in contrast to
previously described PROCR intracellular signaling mecha-

Figure 5. IGF-1R, not EGFR, mediates the activation of ERK and PI3K–Akt–mTOR signals induced by PROCR. a, illustration and representing image of
phospho-RTK antibody array using PROCR� (Lin�, EpCam�, PROCR�) and PROCR� (Lin�, EpCam�, PROCR�) cells isolated from PDX tumor. Eight proteins with
most evident differential activities are indicated. b, Western blot showing the knockdown efficacy of IGF-1R and EGFR by shRNAs. c, Western blot showing that
in BT549 cells with PROCR overexpression, knockdown of IGF-1R by shRNA does not affect Src activity, whereas it diminishes both ERK and PI3K–Akt–mTOR
pathways, and it is ineffective to RhoA–ROCK signaling; knockdown of EGFR by shRNA affects none of Src and the three PROCR-dependent signaling. d, Western
blot showing that in BT549 cells with PROCR overexpression, knockdown of IGF-1R by shRNA (Sh2) does not affect Src activity, whereas it diminishes both ERK
and PI3K–Akt–mTOR pathways, and it is ineffective to RhoA–ROCK signaling. Western blots in the same panel are from the same batch of cells using the same
loadings, thus only one loading control is shown at the end of the panel. For a better illustration, they are shown as three separated columns representing ERK,
Akt, and RhoA pathways, respectively. Each Western blot analysis was repeated three times or more.
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nisms, in which F2R is an essential mediator of PROCR in cell
survival, anti-inflammation, and migration (15, 17–19, 24, 25).
In breast cancer cells, only the RhoA–ROCK–p38 signal is de-
pendent on F2R, whereas ERK and PI3k–Akt–mTOR signals
are F2R-independent, and instead are dependent on Src and
subsequent activation of IGF-1R. This is the first report that
IGF-1R mediates the signaling function of PROCR. Our results
agree with previous reports that EGFR is activated by PROCR
(17, 24, 25). However our study indicates that EGFR is not
required for PROCR-dependent ERK and PI3k–Akt–mTOR
signals, and that EGFR activation is sequential to PROCR-de-
pendent Src activation. It has been studied how F2R is activated
by PROCR–active PROC axis. F2R is activated when the N ter-
minus is cleaved by active PROC, creating a new N terminus
that acts as a tethered ligand that binds intramolecularly to the
receptor to initiate transmembrane signals (36). There remains
a gap in knowing how Src is activated by PROCR–active PROC.
Our current findings cannot rule out that some of the effects on
signal pathways are indirect.

The activities of PROCR-dependent signals are attenuated in
the presence of dominant negative form of PROC, and are
increased in the presence of active PROC. These results provide
direct evidence that PROC is a ligand of PROCR in breast can-
cer cells. Potentially, either increased expression of the receptor
or increased exposure to the ligand would promote the activi-
ties of these pathways. Increased PROCR expression has been
observed in a subset of TNBC cell lines (MDA-MB-231, Hs
578T, HCC38, CAL51, and HCC1806). Robust PROCR expres-
sion has also been seen in primary TNBC samples.4 Regarding
the source of the ligand, one possibility is the circulation sys-
tem, where the plasma protein C concentration is 70 nM (4
�g/ml) (37). It is also plausible that protein C is locally pro-
duced, considering that autocrine protein C has been reported
in skin keratinocytes for promoting their survival, growth, and
migration (38). Further experiments are needed to investigate
the source of protein C in breast cancers.

4 D. Wang and Y. A. Zeng, unpublished data.

Figure 6. PROCR engages Src kinase to transactivate IGF-1R and other RTKs. a, Western blot showing that in BT549 cells with PROCR overexpression,
inhibition of Src using KX2–391 diminishes the activities of Src, IGF-1R, EGFR-T845, and both ERK and PI3K–Akt–mTOR pathways, whereas it is ineffective to
RhoA–ROCK signaling. b, Western blot analysis indicating that in MDA-MB-231 cells, knockdown of PROCR with two independent shRNAs attenuates the
activity of EGFR at Tyr-845, but does not affect EGFR Tyr-1068 or Tyr-1173 phosphorylation. c, illustration of PROCR-dependent intracellular signaling pathways.
Impact on EGFR-T845 activity is a subsequence of activation of Src by PROCR. d, Western blot showing that in BT549 cells with PROCR overexpression,
incubation with IGF-1 neutralizing antibody (12 �g/ml, 2 h) could not inhibit IGF-1R, ERK, and Akt pathways induced by etopic PROCR. e, Western blot showing
that in MDA-MB-231 cells, incubation with IGF-1 neutralizing antibody (12 �g/ml, 2 h) is sufficient to inhibit endogenous IGF-1R activity. Western blots in the
same panel are from the same batch of cells using the same loadings, thus only one loading control is shown. For a better illustration, they are shown as three
or four separated columns representing ERK, Akt, and RhoA pathways, respectively. Each experiment was repeated three times or more.
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Considering that PROCR promotes the activities of ERK,
PI3K–Akt–mTOR, and RhoA pathways, and leads to accumu-
lation of c-Myc and cyclin D1, which are key signal events in
breast cancer (26), our findings support the tumor-promoting
role of PROCR. Previous studies in normal mammary gland and
in breast cancer cells have suggested that PROCR� cells have
increased epithelial and mesenchymal transition (EMT) char-
acteristics (1, 28). In this study, observations on the cell shape
changes upon modulation of PROCR expression may also be
because of alteration of EMT program. EMT could be another
channel through which PROCR signaling promotes tumor pro-
gression. In the current study, the effective RTK, IGF-1R was
identified in a screen using phospho antibody array. We are
aware that our antibody array approach could have missed
some other RTK candidates. Considering the versatile roles of
PROCR in the transactivation of various RTKs in different cell
types (17, 24, 25), it would be no surprise if PROCR triggers a
more complex signal cascade. Nevertheless, selectively block-
ing single kinases involved in ERK or PI3K pathways has been

associated with limited or sporadic responses in clinical studies
(39). Simultaneously attenuating multiple pathways, e.g. with a
reagent that inhibits PROCR, can potentially be a more effec-
tive means to attenuate the complex signaling network in breast
cancer cells.

In conclusion, our study illustrated the signaling mecha-
nisms of PROCR in the breast cancer cells, elucidating the
potential functional role of PROCR in TNBC. These findings
may guide the development of anti-PROCR therapeutic agents
for breast cancer treatment.

Experimental procedures

Cell lines and cell culture

The MCF7, SK-BR-3, MDA-MB-231, Hs 578T, T-47D,
ZR-75–1, MDA-MB-415, MDA-MB-453, BT474, MDA-
MB-436, BT549, HCC38, CAL51, HCC1806, MDA-MB-468,
HCC1937, HCC1599, and HCC2157 human breast cancer
cell lines were obtained from the Shanghai Cell Bank Type Cul-

Figure 7. Protein C serves as the ligand for the activation of PROCR intracellular signaling in breast cancer cells. a, MDA-MB-231 cells were cultured in
the presence of Ctrl or sPROCR (6 �g/ml) for four passages in complete media. Cell numbers that are counted in each passage showing that sPROCR markedly
inhibited cell proliferation. The spindle-shaped morphology of MDA-MB-231 (Ctrl, upper right panel) was altered to become more spherical in the presence of
sPROCR (bottom right panel). One of three similar experiments is shown. Data are presented as mean � S.E. b, MDA-MB-231 cells were cultured in the presence
of Ctrl or PROC-DN (2 �g/ml) for four passages in complete media. Cell numbers that are counted in each passage show that PROC-DN markedly inhibited cell
proliferation. The spindle-shaped morphology of MDA-MB-231 (Ctrl, upper right panel) was altered to become more spherical in the presence of PROC-DN
(bottom right panel). One of three similar experiments is shown. Data are presented as mean � S.E. c, Western blot showing that addition of PROC-DN in
MDA-MB-231 cells (24 h) diminishes the activities of Src and all three PROCR intracellular signaling pathways (ERK, PI3K–Akt–mTOR, and RhoA–ROCK signaling).
d, Western blot showing that addition of active PROC (10 �g/ml) in MDA-MB-231 cells (8 h) enhances the activities of Src and all three PROCR intracellular
signaling pathways. Western blots in the same panel are from the same batch of cells using the same loadings, thus only one loading control is shown at the
end of the panel. For a better illustration, they are shown as three separated columns representing ERK, Akt, and RhoA pathways, respectively. Each experi-
ments was repeated three times or more.
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ture Collection Committee or American Type Culture Collec-
tion (ATCC) and maintained in complete growth medium as
recommended by the distributor.

Generation of patient-derived xenografts from human breast
cancers

PDX lines were originally initiated by implantation of a fresh
patient tumor fragment into the mammary fat pad of recipient
SCID/Beige mice and were maintained by serial passage in vivo
at intervals characteristic for each line, and in accordance with
Institutional Animal Care and Use Committee requirements.
This study was approved by the Institutional Review Board
(IRB) of Fudan University Shanghai Cancer Center (FDSCC).

Antibodies

Antibodies used in immunohistochemistry were mouse anti-
human PROCR (1:300, Abcam), mouse anti-ER (1:50, Dako),
mouse anti-PR (1:50, Dako), rabbit anti-HER2 (1:50, Proteintech).

Antibodies used in Western blotting were rabbit anti-human
PROCR (1:200, Novus), rabbit anti-human phospho-Src
(1:1000, Cell Signaling Technology), rabbit anti-human total
Src (1:1000, Cell Signaling Technology), rabbit anti-human
phospho-MEK (1:1000, Cell Signaling Technology), mouse
anti-human total MEK (1:1000, Cell Signaling Technology),
rabbit anti-human phospho-ERK (1:1000, Cell Signaling Tech-
nology), rabbit anti-human total ERK (1:100, Santa Cruz Bio-
technology), rabbit anti-human phospho-Raf (1:100, Santa
Cruz Biotechnology), rabbit anti-human total Raf (1:100, Santa
Cruz Biotechnology), rabbit anti-human phospho-Akt (1:1000,
Cell Signaling Technology), rabbit anti-human total Akt

(1:1000, Cell Signaling Technology), rabbit anti-human phos-
pho-GSK3�(1:1000, Cell Signaling Technology), rabbit anti-
human total GSK3�(1:1000, Cell Signaling Technology), rabbit
anti-human phospho-CREB (1:1000, Cell Signaling Technol-
ogy), rabbit anti-human total CREB (1:1000, Cell Signaling
Technology), rabbit anti-human phospho-S6K (1:1000, Cell
Signaling Technology), rabbit anti-human total S6K (1:1000,
Cell Signaling Technology), mouse anti-human c-Myc (1:100,
Santa Cruz Biotechnology), mouse anti-human cyclin D1
(1:100, Santa Cruz Biotechnology), mouse anti-human RhoA
(1:100, Santa Cruz Biotechnology), rabbit anti-human ROCK2
(1:1000, Cell Signaling Technology), rabbit anti-human phos-
pho-p38 (1:1000, Cell Signaling Technology), rabbit anti-hu-
man p38 (1:1000, Cell Signaling Technology), rabbit anti-hu-
man phospho-IGF1R (1:1000, Cell Signaling Technology),
rabbit anti-human IGF-1R (1:1000, Cell Signaling Technology),
rabbit anti-human phospho-EGFR (Tyr-1068, Tyr-1173, Tyr-
845) (1:1000, Cell Signaling Technology), rabbit anti-human
EGFR (1:1000, Cell Signaling Technology), mouse anti tubulin
(1:5000, Sigma), and mouse anti beta-Actin (1:2000, Sigma).

Antibody for neutralizing IGF-1 in culture cells was goat anti
IGF-1 (12 �g/ml, R&D Systems). Antibodies for FACS were
used in 1:200 dilutions: PE/cy7-anti-human EpCam, FITC-
anti-human CD31, FITC-anti-human CD45, FITC-anti-hu-
man CD235a (BioLegend), APC-anti-human PROCR (eBiosci-
ence), and PE-anti-human PROCR (BD Pharmingen).

Phospho protein array

The Human Phospho-Kinase Array (R&D Systems, ARY003B)
was performed as the procedure attached in the kit. 106 of

Figure 8. Blockage of PROCR intracellular signaling impedes clonogenicity of breast cancer cells. a and b, colonies formed from PDX-1 single cells were
dissolved from Matrigel for imaging. Representative pictures are shown. Knockdown of PROCR abolished colony formation (a). F2R inhibitor (sch79797) or Src
inhibitor (KX2–391) attenuated colony formation, and the combined treatment completely blocked colony formation (b). Scale bars, 20 �m. c and d, quantifi-
cation indicating that colony formation efficiency (c) and colony sizes (d) are significantly reduced when PROCR or its downstream signaling component is
inhibited. The combined treatment of F2R inhibitor and IGF-1R inhibitor completely blocked colony formation, similar to the effect of PROCR knockdown. **,
p � 0.002; ***, p � 0.0001. Data are pooled from three independent experiments. Data are presented as mean � S.E. e, the model of PROCR signaling
mechanisms in breast cancer cells.
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MDA-MB-231 cells were used. The Human Phospho-RTK
Array (R&D Systems, ARY001B) was performed as the proce-
dure attached in the kit. 106 of freshly isolated PROCR� and
PROCR� cells from PDX tumors were used. Protein samples
are normalized by tubulin level through Western blotting
before use in array analysis.

Primary cell preparation

The minced primary tumor was placed in culture medium
(RPMI 1640 with 25 mM HEPES, 5% fetal bovine serum, 1%
penicillin-streptomycin-glutamine (PSQ), 300 units ml�1 col-
lagenase III (Worthington)) and digested for up to 3 h at 37 °C.
After lysis of the red blood cells in NH4Cl, a single-cell suspen-
sion was obtained by sequential incubation with 0.25% trypsin-
EDTA at 37 °C for 5 min and 0.1 mg/ml DNase I (Sigma) for 5
min with gentle pipetting, followed by filtration through 70-�m
cell strainers.

Overexpression, shRNA, and sgRNA constructs

Expression constructs for sPROCR (1–214 amino acids,
extracellular domain) and protein C (1–252 amino acids, a
truncation of the protease domain) were made using pCMV-Fc
vector (Addgene).

The shRNAs targeting PROCR sequences were constructed
in lentivirus-based pLKO.1-EGFP constructs (Addgene). The
efficiency of individual shRNA was validated by Western
blotting or qPCR. The shRNA sequences were as follows:
PROCR-sh1, TGGCCTCCAAAGACTTCATAT; PROCR-sh2,
GCAGCAGCTCAATGCCTACAA; F2R-sh1, GCATTA-
CTCATTCCTTTCTCA; F2R-sh2, CCCGGTCATTTCTT-
CTCAGGA; IGF-1R-sh1, GCGGTGTCCAATAACTACATT;
IGF-1R-sh2, GCCTTTCACATTGTACCGCAT; EGFR-sh,
CGCAAAGTGTGTAACGGAATA.

The dCas9-VP64 plasmid was from Addgene. The sgRNAs
targeting PROCR genome sequence were constructed in lenti-
virus-based plasmid (MP177, Addgene). The efficiency of indi-
vidual sgRNA was validated by Western blotting. The sgRNA
sequence for PROCR activation was TCCTGCCGGCG-
CTGACTCAG.

In vitro MDA-MB-231 and BT549 morphology assay

MDA-MB-231 cells infected with scramble or PROCR
shRNA or BT549 cells infected with control or PROCR sgRNA
were plated at a low density (5 � 104) onto coverslips in 12-well
plate using complete culture medium. After 12 h when cells
were adhered to the coverslip, the plates were washed with PBS
followed by fixation with 4% PFA for 10 min. Cells on coverslips
were stained with vimentin and DAPI counterstain. To exam-
ine the effect of various proteins on MDA-MB-231 cell mor-
phology, purified sPROCR (6 �g/ml) or protein kinase C dead
(2 �g/ml) were used when cells were plated.

In vitro colony formation assay

FACS-sorted cells were resuspended at a density of 6 � 105

cells ml�1 in chilled 100% growth factor reduced Matrigel
(Corning), and the mixture was allowed to polymerize be-
fore covering with culture medium (DMEM/F12), ITS (1:100,
Sigma), 50 ng ml�1 EGF, and 10 ng ml�1 bFGF, with or without

F2R inhibitor (sch79797, 500 nM, Abcam) or Src inhibitor
(KX2–391, 100 nM, Selleck). Culture medium was changed
every 2 days. Colony numbers and sizes were scored after 6 days
in culture. The colonies were mostly spherical. In cases in which
colonies were oval, the long axis was measured.

Quantification and statistical analysis

In all Western blot analyses, when quantifying non-phospho-
proteins, i.e. PROCR, c-Myc, cyclin D1, RhoA, ROCK2, they
were normalized to tubulin; when quantifying the levels of
phosphoproteins, they were normalized to the total protein
counterparts. In the latter case, all total proteins should be 1.
Student’s t test was performed and the p value was calculated in
Prism on data represented by bar charts, which consisted of
results from three independent experiments unless specified
otherwise. For all experiments with error bars, the standard
error of the mean (S.E.M.) was calculated to indicate the varia-
tion within each experiment.
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